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ABSTRACT 
The design and construction of a truck-mounted f a c i l i t y  fo r  measuring 
the backscatteri ng and brightness temperature of terrai  n a t  microwave 
frequenci es are discussed , i ncl udi  ng procedures for  cal i brati  on and 
data reduction. Descriptions of the l i  nearly polarized, c-w doppler 
radar systems, operated a t  1.8, 10, 15 and 35 GHz, and the radiometer 
systems (10 and 35 GHZ) are also presented. 
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CHAPTER I 
INTRODUCTION 
Recent in te res t  in the response of microwave sensors (radar and 
radiometer) t o  natural surfaces has been greatly stimulated by the 
increased avai 1 abi 1 i ty of imagery over areas of agri cultural , geol ogi c, 
hydrologic, and oceanographic significance. The potenti a1 of the radar 
as a remote sensor fo r  earth science and resource studies has been 
summari zed by Moore and ~ imone t t  .' For example, geologi cal fau l t s  
and lineaments have been located on radar imagery which were not v is ib le  
.' 3 3  in addi t i  on, simultaneously produced l i  ke-and on aer ial  photos, 
cross-polari zed radar imagery has added significantly to  l i thologic 
 differentiation^.^ Because of i t s  l a t e r  development, the use of the  
imaging microwave radiometer as a remote sensor i s  as ye t  rather limited. 
5 Recently, however, the U.S. Coast Guard has operated an imaging radio- 
meter designed to detect ta rge ts ,  especially icebergs, against a sea- 
6 
water background. Also, NASA has made radiometer observations of the 
Earth over a variety of geographical areas, including Ocean ice ,  
Southwestern U.S. deserts, Midwest U.S. farmland, and storm and rai n 
clouds over both land and water. 
For the interpretation of th is  imagery and f o r  the design of re- 
mote sensors, basic information about the terrain return characteri s t i  cs 
of the surface i s  required. Furthermore, the determi nation of these 
basic surface characteristics i n  the microwave region can be made more 
effect ively when data i s  available from both radar and radiometer 
 sensor^,^ because each output i s  determined by a different  aspect of 
the complete b i s t a t i c  scattering pattern of the surface; the backscatter 
i s  estimated by the radar while the brightness temperature (which i s  
related t o  the albedo), i s  estimated by the radiometer. 
To provide simul taneous data from combined radar and radiometer 
sensor outputs, the O.S.U. mobile radar-radiometer f a c i l i t y  (see Fig.1) 
was constructed. The se l  f-contai ned u n i  t permi t s  i 13 s i  t u  measurements 
of the normalized backscatteri ng cross section (per uni t area) of t e r -  
rain,oO(e),  and the brightness temperature of an antenna viewing the 
te r ra in ,  Tant  ( 0 ) '  a t  microwave f requenci es . 
The purpose of this  report i s  t o  describe the mobile f a c i l i t y  
and i t s  operation, including methods f o r  calibration and data reduc- 
tion. Some examples of backscatteri ng and brightness temperature data 
are also presented. 
Fig. 1. The O.S.U. Mobi l e  Radar-Radiometer Fac i l i ty .  
CHAPTER I I 
RADAR FACI LI TI ES 
The O.S.U. mu1 t i  -frequency t e r r a i  n-return radar fac i  l i  ty consists  
of four  c-w doppler radar systems operated a t  1.8, 10, 15, and 35 GHz. 
The radars are  deployed from a truck (see  Fig. 1)  , whose motion pro- 
vides t he  doppler s igna l .  The microwave systems are  attached a t  the 
end of a hydraulic boom which i s  located a t  the center of the  truck.  
Since two signal  processing channels are avai lable ,  any two of the  four  
radars may be operated simultaneously. A 5-Kw generator and a van 
containing t he  e lec t ron ic  equipment are mounted t o  the  rea r  of the 
truck.  A block diagram of a typical c-w doppler radar system i s  shown 
i n  Fig. 2 .  
The t e r r a in  return signal  appears i n  the  system as an audio f r e -  
quency (narrow band) noise signal which i s  obtained by mixing the  doppler 
sh i f t ed  signal  sca t te red  by the  t e r r a in  with a local o sc i l l a t o r .  The 
reference local o s c i l l a t o r  signal a t  the crystal  mixer i s  supplied by 
a small amount of t ransmit ter  power. The doppler s h i f t  i s  obtai ned by 
driving the  truck a t  a predetermined speed across t he  t e r r a i n .  To 
insure t ha t  the  frequency s h i f t  i s  within the  preamplifier passband f o r  
each angle of incidence, the  speed i s  calculated as follows: 8 
(1) v = x ~f t 2 s i n  e cos 4 ' 
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F ig .  2. Block diagram o f  a t y p i c a l  
c-w doppler radar  sys tem. 
where t - t ruck  speed i n  meters/sec, 
a f  = frequency s h i f t  i n  Hz, 
A = wavelength i n  meters, 
e = angle o f  inc idence f rom normal, 
6 = angle i n h o r i z o n t a l  plane between v e l  oc i  t y  vec to r  
of t he  t r u c k  and t h e  d i r e c t i o n  i n  which t h e  antenna 
i s  p o i n t e d  (see F i g .  3) . 
Radar t e r r a i  n r e  t u r n  measurements are normal l y  taken a t  i nci  dence 
angles (fro. normal) o f  20°, 30°, 40°, 50°, 60' and 70°, w i t h  the t r u c k  
F i g .  3 .  Geometry f o r  E q .  (1). 
traveling in both forward and reverse directions.  For near normal in- 
cidence angles, too much speed i s  required f o r  safe operation, except 
on very smooth surfaces; near grazing, the  target  area definition i s  
poor. 
The purpose of the radar measurements i s  t o  determi ne the norm- 
a l i  zed backscattering parameters of the te r ra in  -oO.  ( 0 . )  or v j k ( e i ) ,  
~k 1 
where ei i s  the angle with respect t o  the surface normal. The governing 
parameter a t  microwave frequencies i s  actually the nomali zed bis t a t i  c 
scat ter ing cross section (per unit surface area) ,7  ao jk( i  , s ) ,  where 
(see F i g .  4) the subscript j refers to  the polarization of the incident 
F i g .  4. Geometry of the scattering problem. 
radiation on the surface of area A, and the subscript k designates that  
polarization component of the scattered signal which i s  accepted by the 
receiving antenna; i ,s refer  t o  the angles ( O i  y ( i )  and (es  ,(,) defining 
the propagation directions of the i ncident and scattered radiation. 
Operati onally, the b i s t a t i c  cross section i s  defi ned by consideri ng 
an area A which i s  illuminated by a plane wave of power density I, 
2 (wattslm ) and which produces a scattered intensity IS a t  a distance R .  
The normal i zed bi s t a t i  c sca t te r i  ng cross section o0 ( i  ,s) i s  then j k 
defined by the equation 9 
4 1 - r ~ ~  1 
S - o   0 k j ( s 3 i l  ( r s c i  ~ r o c i  ty theorem) , 
A I 0  
where t h i s  normalized b i s t a t i c  cross sect ion,oQ,  I s  r e la ted  t o  t h e  con- 
0 
ventional radar cross sec t ion ,  0 ,  by =(J/A. En terms of this parameter, 
the  normalized radar backscatteri  ng cross section i s  o0 ( i  , i )  o r  j u s t  j k 
o0 ( 6 . ) ;  t h e  pa r t i cu l a r  polarizat ion s t a t e s  used i n  t h i s  report  are  jk i 
designated by t he  following notation: 
Transmi t t e d  wave Received sca t t e red  wave 
0 
V V  ve r t i c a l l y  polarized ver t i ca l  ly polarized 
0 
V I i  ve r t i c a l  ly  pol a r i  zed horizontal ly pol a r i  zed 
0 
' HH hori zontal ly  polarized horizontal ly  polari zed 
0 
' H V  horizontal ly polarized ve r t i c a l l y  polarized 
The words "ver t i ca l  polarized" r e f e r  t o  a wave w i  t h  i t s  
e l e c t r i c  vector i n  the  plane of the  incidence; the  words 
"horizontal polarized" re fe r  t o  a wave w i t h  i t s  e l e c t r i c  
vector  i n  the plane of the surface .  
To work w i t h  a  parameter which i s  independent of the  illuminated 
area of t he  t e r r a i  n ,  the bis t a t i  c  radar  return parameter per u n i  t 
"projected" area ,  y, i s  introduced by the  re la t ion  
Once again, the  parameter of concern here is  t he  backscattering compon- 
0 
en t  y ( i  , i )  o r  y j k ( e i )  = 0 ( O i ) / ~ ~ ~ ~ i .  The reciproci ty  condition s a t -  j k 
i s f i e d  by the  v t s  i s 7  y jk ( i  $5) cosei = ~ ~ ~ ( 5 . i )  cases. 
In the actual system described here, the resolved area a t  normal 
incidence (spot s i r e )  , Ai , which i s  the area perpendicular t o  the i  nci - 
dent beam a t  the range R (nominal operating range i s  20 I ) ,  i s  given by 
( 4) A. 1 = ~ ~ ~ t a n ~ ( e , , / 2 )  
where eHP i s  the measured half-power antenna beatwidth a t  20 f ee t .  The 
spot sizes are given in  Table I .  To remove the s t a t i s t i c a l  fluctuations 
i n  the return parameters, averaging i s  accomplished by driving the truck 
a distance of 100 t o  200 fee t  a1 ong the te r ra in  and integrating the 
re t u r n  over many independent i 11 umi nated spots. 
A. Systems 
1. Microwave 
The microwave transmi t t i  ng and receivi ng network fo r  each f re -  
quency i s  contained in  a portable enclosure designed f o r  easy attach- 
m e n t  to and removal from the boom of the truck (see Fig. 5 ) .  Either 
hori zon tal  , vertical , or any l i  near pol ari zati on can be used a t  each 
of the four frequencies. The 5 ,  K u  and Ka-band radars detect only a 
scattered signal of the transmitted polarizarion. The X-band radar 
receives a scattered signal of the transmitted polarization and also 
the cross-pol ari  zed component. 
The microwave c i rcu i t  block diagrams are shown i  n Figs. 6 ,  7,  8, 
and 9.  The h i g h  isolation between the transmitter and receiver ports 
of the circulators necessitated the insertion of an i r i s  at  the antenna 
Fig. 5. Ku-band radar enclosure. 
terminals of the circulator to provide the required 1.0. power level 
at  the mixer (see note on selection of 1 .o. power levels below). The 
microwave radar sys tem speci f i cations are presented i n Table I . 
The antennas used in the X-, K u - ,  and Ka-band systems are high- 
gain pyramidal horns with zoned dielectric lenses.'' These lenses 
give an optimum pattern a t  the operating range of 20 feet .  The S-band 
antenna i s  a 3'-diameter parabolic reflector,  which was slightly de- 
focussed to obtain a better approximation to  a plane wave a t  the oper- 
ating range of 20 feet  than would be given by a standard design. The 
radar antenna power patterns (presented in Appendix I )  were measured 
a t  this operating range of 20 feet .  
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TABLE I 
MICROWAVE RADAR SYSTEXI SPECIF'ICATIOSS 
The measured antenna half-power beanwidths are 12' a t  1.8 GHz, 
5.2' a t  10 GHz, 3.8' a t  15 GHz, and 2.0' a t  35 GHz. 
Note on Selection of L .O .  Power Level 
The 1 .o. power level must be large enough to  ensure linear mixing 
with the largest terrain return signal likely t o  be encountered. The 
power density incident upon the area A (see Fig. 4) i s  
where Po i s  the power radiated by the transmitting antenna, and Gt i s  
the antenna gain. The power density scattered by the surface i n  the 
backscattering direction i s  
(6 )  2 = I. G O  (ei) A/(4nR ) 2 I s (watts /m ) , 
where o0 i s  the normalized scattering cross secrion. The scattered 
power which i s  received by the antenna i s  
( 7  'r = I  s A em (watts) ,  
where Aem i s  maximum effective aperture of the antenna. The ra t io  of 
the return power t o  the radiated power becomes 
0 
- G t  Aem ' n ( R  eHp/2)2 
(4n~') '  9 cos ei 
OHP 'H P 
where tan (T ) = -fo r  narrow-beairwidth antennas. Using the fac t  2 
that  G =   IT A ~ , / A ~ ,  Eq. (8) becomes t 
For an order of magni tude calculation, the fo l l  owing approximations 
are used: the maximum effective aperture of the antenna i s  taken t o  
be Aem X0 .6  A where A i s  the physical area of the antenna aperture P "  P 
and cos ei i s  assumed to be approximately unity. With these assumptions 
Because i t  i s  n o t  in tended t o  operate the  radars near normal i n -  
cidence where extremely l a rge  values o f  o0 can occur over smooth surfaces, 
a value of o0 = 1 has been se lec ted  as t h e  maximum expected r e t u r n .  
Also, l i n e a r  mix ing w i l l  be i nsu red  i f  PLaO.>lOPr. Thus, t h e  1.0. 
power l e v e l  has been chosen t o  be l a r g e r  than tha t  g iven by  the  f o l l o w i n g  
c r i  t e r i  on: 
2. E lec t ron i cs  
The r.f. power a t  S-band (1.797 GHz) i s  provided by a Trak o s c i l -  
l a t o r ,  which obtains i t s  beam vo l tage f rom a Lambda 28M Regulated Power 
Supply. The X-,  Ku-, and Ka-band systems obta i  n  t h e  necessary k l y s t r o n  
vol tages f rom Hewlet t  Packard 7168 K l y s t r o n  Power Suppl ies. The Ka-band 
r. f. source i s  a va rac to r  tri p l e r  d r i v e n  by an 11.666 Ghz K lys t ron .  
Two independent audio s i g n a l  processi ng channels are prov ided.  
The audio vo l tage amp1 i f i  ca t i on  i s  accomplished w i t h  Tektronix Type 
122 Low-Level Preamp1 i f  i e r s  . The normal p r e a m p l i f i e r  opera t i  ng s e t t i  ngs 
use a vo l tage  ga in  o f  100, and a bandwidth f rom 8 Hz t o  250 Hz a t  X-, 
Ku -, and Ka-bands, and 0.8 t o  250 Hz a t  S-band. 
The I n t e g r a t o r  and Power Mon i to r  Module al lows p r i n t o u t  o f  t h e  
i n t e g r a t e d  audio s igna ls ,  o r  t h e  k l y s t r o n  power l e v e l s .  The l a t t e r  i s  
a l so  cont inuously  monitored on a panel meter. The i n t e g r a t o r  c i r c u i t  
(see F ig .  l o ) ,  which uses a Nexus Type CLA-3 Operat ional Amp'lifi er,  has 
- - -  - -. - 
! 
RECTIFIER CIRCUIT 
BALANCE - 15 v 
Fig . 10. Integrator-rect i  f i  e r  ci rcui t .  
time constants of 0.1 or  1.0 i n  order t o  u t i l i z e  the  f u l l  range of the  
in tegrators  over the  time available f o r  each r u n .  The amplif ier  features 
an output range of f 10 vol t s  w i t h  low input o f f s e t  current  and high 
s t a b i l i t y .  The r e c t i f i e r  portion of the  in tegra tor  c i r c u i t  has been 
cal ibra ted f o r  sinusoidal input voltages from 10 mil l ivo l t s  t o  100 vo l t s .  
A cal ibra t ion curve of the  in tegrator  output ( i n  seconds/volt) as a 
function of audio peak-to-peak input vo l t s  i s  shown i n  Fig. 11. 
The in tegra tor  outputs are sampled once per second and displayed 
on two HP 405CR Digital  Voltmeters, and the  output of these  i s  a lso  
printed on paper tape.  A HP 570A Digital Clock provides the  time ref-  
erence and an external  sampling r a t e  comnand. The voltmeters provide 
a d.c. recording output and the  p r in t  command f o r  the  HP 560A Digital 
Recorder. 
The anal og s tri  p-chart recorder monitors the  i  ns tan taneous audio 
Fig. 11. Rectifier calibration curve. 
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Fig .  12. T e r r a i n  backscat te r ing  geometry. 
i n c i d e n t  on the r e c e i v i n g  antenna due t o  s c a t t e r i n g  by t h e  element o f  
area dA i s  g iven by, 
(13)  2  dS Y = s j oO  d A / ( k R  ) .  
The rece ived power i s  then dPrec = Sr Aem f ( ) ) ,  where Aem i s  t h e  maximum 
c o l l e c t i n g  aperture o f  t h e  r e c e i v i n g  antenna. Consequently, t h e  t o t a l  
rece ived power from t h e  t e r r a i n  i s  
where Ro i s  t h e  distance from t h e  antenna t o  the  center  o f  t h e  i l l u m i -  
nated area. Under t h e  same circumstances, t h e  power re turned f rom the  
standard ta rge t ,  placed a  d is tance Ro f rom the  antenna, i s  
where oT i s  the cross section of the standard taS3get.  Using the as- 
sumption tha t  o0 does not vary appreciably over the range of angles 
which the i  llumi nated area subtends , o0 may be removed from under the 
integral in  E q .  (14,;  then 
4 - 1 
The factor  I = f 2 ( $ ) ( q  F2 ] has been evaluated by 
0 
Barrick" f o r  a Gaussian antenna pattern using a digi ta l  computer. 
In order t o  see how the integral depends on the parameters de- 
2 
scribing the antenna pattern,  assume that f ( $ )  = e -B' Using an 
approximation appropriate fo r  narrow beamwidths (p /RO< '1); Peake 12 
has demonstrated that  the integral in Eq.  (16) becomes 
B coseo 
(17) I ?  71 
Thus, neglecting terms of order eHp2 compared t o  the f i r s t  order term 
of E q  . (17) , we have 
This relat ively simple calculation agrees with the numerical computation 
o f  Barrick t o  within ' 0.5 dB. I t  should be noted that Barrick's re- 
su l t s  are good only f o r  the value of 5 which he assumed (B=1100). Thus, 
i f  Is represents the value of the integral tabulated by Barrick, then 
2 
where e -'* /* i s  the one-way power pattern of an actual antenna, with 
JI i n  radians. Equation (19) represents the equation used f o r  normal- 
ization in the  radar backscatteri ng computer program of Appendix 111. 
As noted a t  the beginning of th i s  section, absolute calibration 
of the radar systems i s  provided by measuring the return from a spherical 
metal target of known cross section. To  insure that  the system remains 
s table ,  the transmitted signal power level i s  monitored before and af te r  
each s e t  o f  t e r ra in  return measurements. To obtain the required doppler 
s h i f t  in  the received s ignal ,  a counter balanced target  shaker ( see  
Fig. 13) was fabricated to replace the motion of the truck, The re- 
su l tan t  doppler frequency, which i s  nearly a pure sinusoid fo r  r < < a ,  
i s  given by 
2r wm r cos w,t (20) f d  = -- sin w m t  [1 - - - 
X 2 1/2 ' r (1- (1 sinwmt) 1 
R 
1 
where 
'm 
= speed of motor shaf t  in  rad/sec, 
r = offse t  radius of rotating arm, 
a = length of rotating a m ,  
h=fo/c = wavelength of transmitted signal . 
Fig. 13. Picture and geometry o f  the counter balanced target  shaker. 
The r e t u r n  s i g n a l  f rom t h e  o s c i l l a t i n g  sphere can b e  w r i t t e n  as 
(21) vr = K cos 2 n ( f o + f d ) t ,  
where K = system constant ,  
oT = cross s e c t i o n  o f  t h e  s tandard  t a r g e t ,  
fo  = f requency o f  t h e  t ransmi t t e r  . 
The c r y s t a l  m ixer  ou tpu t  vo l t age  i s  then  
The audio s i g n a l  f rom t h e  bandpass amp1 i f i e r s  becomes 
% cos Bwd s i n  w,t) i) ( r  < < e l ,  
'L 2 
where wd = 4nvmfo/c, 
T  = l /wds in  wmt, 
V =rw = t a n g e n t i a l  v e l o c i t y  o f  t h e  p o i n t  where t h e  m  m  
r o t a t i n g  arm i s  a t tached t o  t h e  cam. 
The s  tri p -cha r t  recorder  i s  r e q u i r e d  i n  s tandard  c a l i  b r a t i  ons t o  
i nsure t h a t  t h e  t a r g e t  sphere i s  p r o p e r l y  bo re -s i  ghted w i  t h  r espec t  
t o  t h e  r a d a r  antenna (see F i g .  14). An expanded p o r t i o n  o f  t h e  wave- 
form, shown i n  F i g .  15 , i s  seen t o  be approx imate ly  s i n u s o i d a l  w i t h  
ALIGNED 5mm/.ec 
I 
Fig. 14. Audio waveform during s t anda rd  t a r g e t  alignment 
procedure of the S-band radar .  
F ig ,  15. Expanded por t ion  of audio waveform shown i n  Fig.  14. 
period, T ,  given by E q .  (23) .  
The cross-polarized channel of the X-band sys tem i s  calibrated 
by rotating a unidirecti onally conducting screen (actually an array 
of dipoles) l3'I4 as a target  (see Fig. 16 ) .  The rotation of the target  
modulates the reflected signal amp1 i  tude and the sidebands provi de the 
required frequency s h i f t  f o r  system operation. The return signals 
L f o r  the direct  and cross-polarized channels (denoted by V;' and V r  , 
respectively) are 
(24) v:' = K (K cose) cose cos2nf0t, 
v rL  = K ( q c o s e )  s ine cos2nfot, 
where K = system constant (assumed here to  be  the same fo r  both 
channels), 
a 
m = maximum scat ter ing cross section of the di pole array, 
f o  = frequency of the transmitter,  
e = angle between the incident e l ec t r i c  f i e l d  and the dipole 
array orientation (see Fig. 1 6 ) .  
The mixer outputs fo r  the two channels are then 
(25) V m i d l  = 2 2 K COS 0 COS 2nfot, 
2 
'mi x = K % cose sine cos 2nfot, 

where e=wrt  and w r  i s  the a n g u l a r  f r e q u e n c y  of r o t a t i o n  o f  t h e  t a r g e t ,  
so t h a t  t h e  a u d i o  bandpass  a m p l i f i e r  o u t p u t  v o l t a g e s  a r e  ( s e e  F i g .  17 )  
K F m  (26) v;' E -4 COS 2wyt, 
K% V d l  5 - 
4 sin 2wrt . 
With t h e  a s sumpt ion  of e q u a l  s e n s i t i v i t y ,  K ,  f o r  t h e  two c h a n n e l s ,  
t h e  d e t e c t e d  v o l t a g e s  s h o u l d  b e  equa l  i n  magni tude ,  a t  t w i c e  t h e  
f r e q u e n c y  o f  t h e  r o t a t i n g  t a r g e t ,  and d i s p l a c e d  i n  p h a s e  by 90'. T h i s  
i s  c l e a r l y  shown by t h e  c h a r t  r e c o r d i n g  i n F i g .  17 .  The a b s o l u t e  
F i g .  17 .  The d i r e c t  and c r o s s - p o l a r i  zed  a u d i o  s i g n a l s  from t h e  X-band 
c r o s s - p o l a r i z e d  c a l i b r a t i o n  s t a n d a r d .  
2 7 
c a l i  b r a t i o n  of the  c ross-po lar i  zed channel i s  determi ned r e l a t i v e  t o  
t h e  p rev ious l y  c a l i b r a t e d  d i r e c t  channel by compari ng t h e  audio s igna ls  
given by E q .  (26 ) ;  the channel constants are normal ly  unequal s ince  they 
i n v o l v e  such parameters as a m p l i f i e r  ga in  f a c t o r s  and mixer  1 .o. l e v e l s .  
The l i n e a r i t y  of each rada r  system has been measured us ing metal 
spheres and corner r e f l e c t o r s  of known echo area a t  t h e  opera t ing  
d is tance o f  20 f e e t .  The measured po in t s  are p l o t t e d  i n  F ig .  18; t h e  
s t r a i g h t  li nes i n d i c a t e  the expected p r o p o r t i o n a l i  ty between rece ived 
power and t a r g e t  cross sec t i on  f o r  each frequency. 
C. Reduction o f  Radar Data 
The reduc t i on  o f  the rada r  data e n t a i  1s t rans format ion  o f  t he  
i n t e g r a t e d  audio s igna l  powers from t h e  t e r r a i n  and from t h e  standard 
t a r g e t  t o  a  normal ized radar  backscat te r ing  cross sec t i on  per  u n i t  
area, aO(e) ,  us ing  t h e  r e l a t i o n s h i p  (see Sect ion 11-B f o r  d e t a i l s )  
where 'rec = rece ived power f rom t e r r a i n ,  
PS t = received power f rom standard t a r g e t ,  
"T = radar  cross sec t i on  o f  standard t a r g e t ,  
Ro = d is tance from antenna t o  ta rge t ,  
B = constant i n exponent o f  one-way antenna power pa t te rn ,  
Is  = value o f  i n t e g r a l  t abu la ted  by B a r r i c k .  
RECEIVED POWER ( d B )  
Fig . 18. Radar system linearity curves. 
To perform t h e  above computation, a h i  gh-speed d i  g i  t a l  computer 
i s  used (computer program presented i n  Appendix 111). The computer 
i n p u t  i s  de r i ved  f rom two sources - t h e  d i g i t a l  recorder  ou tpu t  and 
t h e  radar  d ~ t a  sheet, shown i n  F ig .  20. The d i g i t a l  recorder  ou tpu t  
format (see F i 7 ,  19) conta ins the  da ta  run  numbers, t h e  t ime reference 
(one sample per  second), and t h e  sampled i n t e g r a t e d  s i g n a l  vol tages 
from the  two audio channels. The radar  data sheet, shown i n  F i g .  20, 
prov ides the necessary reference data ( t e r r a i n  l o c a t i o n  and i d e n t i f i c a -  
t i o n ,  date, frequencies, p o l a r i z a t i o n s ,  angles o f  j n c i  dence, and i n -  
t e g r a t o r  t ime cs rs tan ts )  f o r  f o rmu la t i ng  t h e  computer i n p u t .  The com- 
p u t e r  i n p u t  format,  whi ch incorpora tes  t h e  t e r r a i  n backsca t te r i  ng da ta  
w i t h  a standard t a r g e t  c a l i b r a t i o n  l e v e l  f o r  each frequency and type 
o f  t e r r a i n ,  i s  shown i n  F ig .  21. The "group number" i s  in t roduced 
i n t o  t h e  i n p u t  format  t o  p rov ide  a convenient cross-reference between 
t h e  computer i n p u t  and output  data; t h e  data i s  p resen t l y  catalogued 
as fo l l ows :  groups 1-99 correspond t o  da ta  obta ined i n  1965, groups 
100-199 i n  1966, and so f o r t h .  The " t ime" i s  t h e  i n t e r v a l  i n  seconds 
between two se lec ted  samples on the  d i g i t a l  paper tape p r i n t - o u t .  The 
" v o l t "  column represents t h e  d i f f e r e n c e  between t h e  i n t e g r a t o r  output  
a t  the end and t h e  begi nni  ng o f  t h e  se lec ted  i n t e r v a l  . The average 
power Prec i n  E q .  (27),  i s  then a f u n c t i o n  o f  t h e  r a t i o  ( "seconds/vol t " )  
of these two q u a n t i t i e s  f o r  the  t e r r a i n ;  t h e  power Pst from t h e  standard 
sphere, i s  t he  corresponding r a t i o  f rom the  c a l i b r a t i o n  run. 
The computer output  i s  a paper p r i  n t -out  o f  both oO(e) and y (e ) ,  
and op t i ona l  punched cards f o r  the  p l o t t i n g  of Y(e) vse. The p r i  n t -ou t  
9 5 Q 3 5 8 7 % 2 3 8  
9 4 9 3 . 5 ' 7  1 1 - 3  give voltage 
9  ,4 8 3 ,  5 5 7 Output f r o m  Channel 1 
3 - 4  7 3  5 4 3 
9 4 6 3 5 0 5  
g 4 5 ' 3  5 . 0  7  gives decimal point location f o r  Channel 
9 4 . 4  3 4  7 9 
9 4 3 3 4 3  2 1 5 8  Of p laces  from right- 
9 4 1 3 - 4 0 4 2 1 4 5  . .  
g - 4 0 3 3 9 3 2 1 3 f  
- 9 5 9 3 3 8 2 2 1 3 6  
g 3 8 3 3 7 5 2 i S 2  
5 - 7  give voltage , 
Output f r o m  Channel 2 
gives  decimal point 
9 2 7 3 2 5 5 3 8 z 1  location fo r  Channel 
9 2 $ 3 2 4 5 3 7 7 1  
9 2 . 5 3 2 3 3 3 7 1  I 
9 2 4 3 2 1 1 3 5 6 2  
9 2 3 3 2 1 2 3 6 1 4  
9 2 ' 2 3 1  9 9 3 5 7 1  
9 2 1 3 1 8 3 3 5 2 5  
9 1 . 8 2 3 1  4 3 4 2 5  
g [ 7 3 1 3 4 3 3 5 0  
9 1  6 3 . 1 0 6 3 3 5 3  
9 1 5 3 1 0 9 3 3 1 5  
9 1  4 3 0 . 8 8 3 2 e 4  
9 1 3 3 0 R 5 3 7 4 7  
@ 1 . f 1 0 5 7 3 2 0 4  9 - 1 1 give tirne 
g 1, 1 3  0 . 4  5 3. 1 5  7 reference ( 9  min. 12 set. ) 
--' --
Time channe l  2 Channel 
8 1 8  8 9  
8 1 '  7 8 9  Lt-J 
Run number 
Fig.  19. D i g i t a l  r eco rde r  output  format .  
RADAR DATA 
DRY BULB TERRAIN 
LOCATION 
DATA 
WET BULB 
TARGET KEY 
S = 8"  SPHERE 
D= DIPOLE ARRAY 
ANGLES MEASURED FROM NORMAL 
F ig .  20. Radar data reference sheet. 
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format  (see F ig .  22) a l s o  prov ides f o r  t e r r a i  n  i d e n t i f i c a t i o n ,  date, 
frequency, and a  s tandard  t a r g e t  c a l i b r a t i o n  l e v e l  ( i n  dB). The sample 
p l o t  format  f o r  Y(e), shown i n  F ig .  23, u t i l i z e s  an over lay  f o r  axes 
l a b e l i n g  and the  p o l a r i z a t i o n  key, i n  order  t o  save p l o t t i n g  t ime.  The 
p o l a r i z a t i o n  subsc r i p t s  f o r  Y are i n d i c a t e d  i n  t h e  key accompani ng 
each p l o t .  
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F i g .  23. Radar d a t a  computer p l o t t i n g  
f o r m a t  f o r  y ( e ) .  
CHAPTER P I I  
RADIOMETER FACILITIES 
The O.S.U. rad iometer  f a c i  li t y  cons is ts  o f  two microwave Dicke- type 
radiometers (10 GHz and 35 GHz) w i t h  s e n s i t i v i t i e s  o f  t h e  order  o f  two 
o r  th ree  degrees K e l v i  n, designed t o  measure t h e  br igh tness  temperature 
o f  an antenna v iewing t h e  t e r r a i n .  C a l i b r a t i o n  i s  by means o f  an 
i n t e r n a l  oven l oad  w i t h  an a t t enua to r  t o  o b t a i n  h o t  (358 '~ )  and am- 
b i  e n t  reference temperatures. The microwave p o r t i o n s  of the  r a d i  ometers 
are conta ined i n  boxes which can be mounted on t h e  end o f  t h e  same 
h y d r a u l i c  boom used t o  suppor t  t h e  radar  sys tems (see F i g  . 1) . Any 
l i n e a r  p o l a r i z a t i o n  may be obta ined by r o t a t i n g  t h e  box, and any look 
angle from zen i th  t o  n a d i r  may be se lec ted  from i n s i d e  t h e  van. 
The purpose o f  t h e  radiometer measurements i s  t o  determi ne t h e  
br igh tness  temperature o f  t h e  t e r r a i n ,  T (e)  , which i s  a weighted average 
o f  t h e  br ightness temperature i n c i d e n t  on t h e  antenna and t h e  antenna 
power p a t t e r n  ,15 given by 
where (e ) = b r igh tness  temperature measured by an antenna T a n t  o 
1 ooki  ng i n the  eo-di r e c t l  on, 
T (  e) = t h e  unknown br igh tness  temperature d i  s tri b u t i  on o f  
t h e  sur face ,  
f ( e '  ,+'  ) = normal i  zed antenna power p a t t e r n  f unc t i on ,  
s ine '  de' d ~ '  = element of solid angle (see Fig. 24). 
RADIOMETER \ 
ANTENNA 4 
Fig. 24. Geometry of radiometer problem. 
The inversion of the integral in  E q .  (28) t o  obtain the brightness 
temperature, T ( e ) ,  will be discussed in  Section 111-C. 
As alluded to previously, there i s  also a relation between the 
brightness temperature and the b i s t a t i c  radar return parameter of the 
te r ra i  n .  The total  brightness temperature of natural te r ra in  surfaces 
i s  the sum of emission and sky reflected radiation. I t  has been shown 
by peake,16 that  the total  brightness temperature a t  ground level,  as 
seen by an antenna viewing the surface from the direction i with po- 
lar izat ion j, i s  (see Fig. 25) 
ANTENNA 
where 
Fig. 25 .  Geometry fo r  the brightness temperature 
scattering parameter r e l a t i  onship. 
e . ( i )  = emission coefficient of the surface, J 
Tg 
= physical temperature of the surface, 
y = b i s t a t i c  radar return parameters per unit  "projected" 
area,  
T = downward sky radiation temperature. 
sky 
In many cases, particularly fo r  a c lear  sky and e S <  80°, the downward 
sky radiation temperature can be expressed as 
where T a i r  = temperature of the atmosphere measured a t  ground 
level ( i n  O K ) ,  
a = total  zenith attenuation, 0 
@s = angle measured from zenith ( i n  radians) . 
This formula, with E q .  (291, can be used to  estimate Tan t  in  the in-  
version integral i f  the coeffic-ients y are k n o w n ,  Also, E q .  ( 3 0 )  .is J k 
often usefnl "i n es t i r na  t i  ng the zeni t h  sky tempel-ature as a s e c ~ n d a r y  
calibration check, 
To cornpute the t o t a l  brightness t 'dmperatu'~ given by E q  . (29)  , 
the emission coeffieieni, of the surface must be known. From Kirchhoff's 
radiation law, the emission coefficient i s  equal t o  the absorption 
8 
coeff icient ,  i  , e , ,  
where the absorption coefficient i s  defined as that fraction of the 
power incident on a surf-ie of area Acosei from direction ei mi with 
polarization s t a t e  J (see Fig. 4 . ) ,  that  i s  not rescattered. Wi t h  t h i s  
def ini t ion,  the emission coefficient can be expressed i n  terms of the 
bis t a t i  c sca t te r i  ng cross section as 
where the integration i s  over the upper hemisphere, Thus, from Eqs. 
(23) and [ 3 2 ) ,  the brightness .temperature of the surface i s  determined 
by certain iuei ghted averages of the b i s t a t i c  coefficients yjk.  The 
radar return,  on the other hand, i s  jus t  y .  (i , i f ,  This connection J k 
between the two sensor responses ( i  .e . , the brightness temperature and 
t h e  backscat te r ing)  i s  t h e  reason f o r  d e s i r i n g  t o  measure both sensor 
outputs simultaneously (see Ref. 7 ) .  
A. Systems 
The f u n c t i o n a l  components of the radiometer system, shown i n  F ig .  
26, cons i s t  o f  a microwave f e r r i t e  swi tch  which a l t e r n a t e l y  switches 
the  i n p u t  t o  the mixer between t h e  antenna, a t  temperature Tant, and 
t h e  ambient reference load, a t  temperature TL. A balanced microwave 
mixer  i s  used t o  down-convert t h e  modulated s igna l  t o  an I F  frequency, 
where i t  i s  then a m p l i f i e d  by t h e  preamp and I F  a m p l i f i e r ,  whose pass- 
band determine t h e  r.f. system bandwidth. The envelope o f  t h e  ampli-  
f i e d  I F  s i g n a l  i s  recovered by a c r y s t a l  de tec to r  and passed through 
a narrowband, lOOOHz a m p l i f i e r .  F i n a l  de tec t i on  i s  accomplished by a 
synchronous demodulator, whose i npu ts  are a 1000 Hz reference s i g n a l  
and t h e  s i g n a l  from t h e  s e l e c t i v e  a m p l i f i e r .  The demodulator ou tpu t  
i s  a D.C. vo l t age  p ropo r t i ona l  t o  the d i f f e rence  between the  temperatures 
o f  t he  ambient reference load and t h e  antenna. The manually-operated 
waveguide swi tch  i s  used f o r  sw i tch ing  from t h e  antenna t o  the  oven load 
du r ing  c a l i b r a t i o n s  (see d iscussion i n  Sect ion I I I - B )  . 
The c r i  t e r i  on used i n  e v a l u a t i  ng the  performance o f  a radiometer 
i s  i t s  minimum detectable temperature sensi t i v i  ty,17 AT, which can be 
expressed as 
(33)  AT K ( F - I ) T ~ / ~ B T  , 
i f  the system ga in  f l u c t u a t i o n s  are neglected; 
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F i g .  26. Block diagram of a typical  
radiometer system. 
where = a system cons tan t  depending on modulat ion,  d e t e c t i o n  
f a c t o r s ,  and o t h e r  system parameters, 
To = 2 9 0 ~ ~ ~  
F = system no i se  f i g u r e ,  
B = p r e d e t e c t i o n  bandwidth, 
T = p o s t d e t e c t i o n  i n t e g r a t i o n  t ime.  
A summary o f  t h e  system parameters and performance c h a r a c t e r i s t i c s  f o r  
t h e  two rad iometers  i s  p resen ted  i n  Sec t i on  11%-A-3. 
1. Microwave 
The microwave systems are mounted i n  t h e r m a l l y  i nsul a ted  enc losures , 
as shown i n  F i g .  27. The X-band and Ka-band microwave c i r c u i t s  a re  
shown i n  F igs .  28 and 29, r e s p e c t i v e l y .  The 1 .o. power necessary f o r  
ope ra t i on  o f  t h e  mixer  (see F i g .  26), i s  p rov ided  by r e f l e x  k l y s t r o n s .  
The m ixe r -p reamp l i f i e r s  have I F  bandwidths o f  2 MHz t o  250 MHz, and RF 
t o  I F  power ga ins o f  20 dB. The antenna p a t t e r n s  are presented i n  
Appendi x I I . 
2. E l e c t r o n i c s  
The I F  a m p l i f i e r  (see F i g .  26) has a maximum power g a i n  o f  45 dB 
w i t h  a nominal bandwidth o f  10 MHz t o  250 MHz, and a measured "double 
s i d e  band" bandwidth o f  350 MHz. Th i s  bandwidth c o n t r o l s  t h e  p r e d e t e c t i o n  
bandwidth, B, o f  t h e  system. For  pos tde tec t i on  gain,  a lOOOHz narrow 
band a m p l i f i e r ,  shown i n  F i g .  30, i s  used; t h e  maximum vo l t age  ampl i -  
f i c a t i o n  i s  l o 5  and t h e  bandwidth i s  78 Hz. However, t h e  p o s t d e t e c t i o n  
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Fig .  29. Ka-band r a d i  ometer mi crowave c i  r c u i  t ( f - 3 5  GHz) . 

bandwidth i n  Eq. (33) i s  determined by the  f i  nal i n t e g r a t o r  t ime con- 
s t a n t ,  which i s  t he  order  o f  5 seconds. 
For synchronous de tec t i on  o f  t h e  modulated s i g n a l  , a 4000 Hz f o r k  
i s  used t o  prov ide the master t i m i n g  reference.  Using a fmquency -d i v i s i on  
technique (see F ig .  31) , 1000 Hz i n-phase and quadrature reference 
s igna ls  are der ived f rom t h i s  master osc i  1 l a t o r ;  the  quadrature reference 
has a 90' phase d i f f e r e n t i a l  r e l a t i v e  t o  t h e  in-phase reference.  Both 
t h i s  90' phase d i f f e r e n t i a l  and the  180° on -o f f  t imes o f  t h e  in-phase 
and quadrature waveforms are i ndependent o f  t he  4000Hz waveform symmetry, 
as shown i n  t i m i n g  waveforms 3 and 4 i n  F ig .  31. The synchronous and 
quadrature detectors,  shown i n  F ig .  32, are i d e n t i c a l  c i r c u i t s ,  both 
o f  which receive a 1000 Hz i n p u t  s igna l  f rom the  narrowband a m p l i f i e r .  
The quadrature de tec to r  i s  des i rab le  because i t  produces a n u l l  output  
when the in-phase d e t e c t o r  ou tpu t  i s  maximized; thus, i t  provides a 
convenient check o f  t h e  phase adjustment f o r  synchronous detec t ion .  
The de tec to r  outputs are observed on a HP 412A DC Voltmeter.  
I n  a d d i t i o n  t o  the reference s igna ls  f o r  synchronous detec t ion ,  
t he  lOOOHz phase -sh i f t i ng  network i s  used t o  ob ta in  variable-phase 
d r i v i n g  waveforms f o r  the f e r r i t e  swi tch  d r i v e r  c i r c u i t s ,  shown i n 
F ig .  33. The swi tch  d r i v e r s  were designed t o  produce des i rab le  r.f. 
waveforms; i .e . , equal duty cycles and maximum on -o f f  amp1 i tude r a t i o  
(see F i g .  34) o f  t he  r. f. s igna l  . 
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F i g .  31.  lOOOHz phase-shi f t i n g  network u s i  ng RTL-ci r c u i  t r y .  
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Fig. 33. Fer r i t e  switch dr iver  c i r c u i t s .  
Fig .  34. The envelope o f  t he  a m p l i f i e d  I F  s i g n a l  
o f  t he  X-band r a d i  m e t e r .  
3. Summary o f  Performance 
The performance c h a r a c t e r i s t i  cs o f  t he  two r a d i  m e t e r  systems 
are summarized i n  Table 11. 15 
TABLE I 1  
SUMMARY OF RADIOMETER CHARACTERISTICS 
1. Ca lcu la ted  AT w i t h  T =5 seconds 
t ime and radiometer constant  K =5 0.48OK 0 . 9 6 ~ ~  
2. Measured AT w i t h  same i n t e g r a t i o n  
t ime, T 0 . 7 5 ' ~  1 .5OK 
3. Measured n o i s e  bandwidth (DSB) , B 350 MHz 350 MHz 
4. Measured n o i s e  f i g u r e ,  F 12.5'0.5 dB 15.7'0.5 dB 
5. Antenna beamwidth 3.5O 1 . 5 ~  
6 .  Antenna VSWR (maximum over f r e -  
quency range used) 1.09 1.10 
TABLE I1 (cont inued) 
7. Oven load and a t tenua to r  VSWR 
0  dB a t tenua t i on  1.06 1.06 
20 dB a t tenua t i on  1.04 1.05 
8. Reference load VSWR 1.02 1.05 
9. Predetec t i  on power gai n  60 dB 60 dB 
10. Postdetect ion vo l tage amp1 i f i  c a t i o n  l o 5  l o 5  
B. Ca l i b ra t i ons  
1. Sys tem parameters 
The w t h o d  used f o r  c a l i b r a t i o n  i s  t o  r e f e r  a1 1  temperatures t o  
t h e  i n p u t  o f  t h e  mixer ,  which requ i res  accurate measurement o f  a1 1  
waveguide losses f rom t h e  antenna t o  t h e  mixer and o f  t h e  a t tenua t i on  
c h a r a c t e r i s t i c s  o f  t he  f e r r i t e  swi tch  ( F ig .  3 5 ) .  The purpose o f  t h e  
oven load i s  t o  p rov ide  a  known, i n t e r n a l  temperature which replaces 
t h e  unknown antenna temperature dur ing  c a l i b r a t i o n s  . When t h e  manually- 
operated waveguide swi tch  connects rece i ve r  and antenna ( p o r t  3 ) ,  t h e  
r a d i a t i o n  temperature a t  t h e  mixer  i s  
(34) an t  Tmi x  = a8 l a g  [a5 [a3 T~~~ + ( l - a l ) ~ 1 1  + (1-a31 ~ 3 1  
where a, = t ransmiss ion c o e f f i c i e n t  from antenna feed t o  waveguide 
swi tch,  
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Fig.  35.  System c a l i b r a t i o n s .  
a2 = t ransmiss ion c o e f f i c i e n t  o f  v a r i a b l e  at tenuator ,  
a3 = t ransmiss ion coe f f i c i en t  f rom p o r t  3 t o  p o r t  1 o f  wave- 
guide swi tch,  
a4 = t ransmiss ion c o e f f i c i e n t  f rom p o r t  2 t o  p o r t  1 of 
waveguide switch, 
a5 = t ransmiss ion c o e f f i c i e n t  f rom waveguide swi tch t o  
f e r r i  t e  swi tch,  
a6 = t ransmiss ion c o e f f i c i e n t  f rom p o r t  2 t o  p o r t  1 of 
f e r r i  t e  swi tch  , 
a7 = t ransmiss ion c o e f f i c i e n t  from p o r t  3 t o  p o r t  1 o f  
f e r r i  t e  swi tch  , 
a8 = t ransmiss ion c o e f f i c i e n t  f rom f e r r i t e  swi tch  t o  mixer,  
Tla T2,. . . ,T8 = corresponding thermal waveguide temperatures, 
Tant  = e f f e c t i v e  antenna temperature, 
TR = oven c a l i b r a t i o n  load temperature ( 3 5 8 ' ~ ) ~  
TL = reference l oad  temperature. 
For  c a l i b r a t i o n s ,  t h e  waveguide swi tch  connects t h e  r e c e i v e r  t o  t h e  
oven load ( p o r t  2), and t h e  temperature a t  t h e  mixer  i s  
(35) c a l i b  Tmi  x = a8 [a6 [a5 [as [a2TR + ( 1-"2)T2] + ( 1-a4)T+] 
where r2 transmiss ion c o e f f i c i e n t  when a t tenua to r  s e t t i n g  i s  20 dB (corresponding t o  ambient 
a2 = { c a l i b r a t i o n )  , 
1 all2 , transmiss ion c o e f f i c i e n t  when a t tenua to r  s e t t i  ng 
i s  0 dB (corresponding t o  oven c a l i b r a t i o n ) .  
S i m i l a r l y ,  t h e  temperature a t  t h e  mixer  w i t h  t h e  reference load con- 
nected i s  
(36 Tmi  X ref = a8 [a7 TL + &a7) T7] + (1-a8)  T8 . 
U t i l i z i n g  the  f a c t  t h a t  the system i s  l i n e a r ,  15 
(37) - r e f  
"out - LTmix - Tmix I 
ant  c a l i b  
where TmiX may be e i t h e r  Tmi o r  Tmix . 
In actual operation, the oven i s  a1 lowed to  reach i t s  equilibrium 
temperature, T R ,  pr ior  t o  the calibrations and remains a t  that  value 
throughout. The components o f  the box come i n t o  equi l ib r ium and wi t h  
the exception of T13 the  vraveguide teRperatures ri l i  ther, stab7 l i  ze 
a t  the same physical temperature as t h e  reference load, T L .  Thus, 
TL=T2 .T3,. . . , T8 and the resul t i  ng output vol tage equations become : 
(38 voant = K aga6agclg [all. ant + ( I -a l )  T~-T,-] , 
The unknown antenna temperature, T a n t ,  i s  determined by se t t ing  u p  
the following relationships f o r  the ambient and oven calibrations : 
Dividing E q .  (40) by E q .  ( 4 1 ) ,  the resultant expression becomes 
(42) V n  - v0  amb - a3 [alTant + (l-al)T1-TLl - a4at2  (TR-TL), 
- 
Solving f o r  T a n t ,  we have 
f o r  the radiation temperature of the antenna i n  terms of measured 
voltages, the known attenuation factors ,  and the physical temperatures 
of the components, ( T  L3TR,T1) . 
2 .  Fie1 d calibration procedure 
The reference temperatures used in the calibration procedure are 
O v e n .  amb i s  measured with the those corresponding to  voamb and V o  
, V o  
attenuator se t t ing  a t  20 dB, and V o  Oven with a 0 dB se t t ing .  These 
measured voltages, the waveguide transmission factors ,  and the waveguide 
temperatures (monitored by thermistors) are a l l  that  are required to 
ant 
calculate Tant(eo) from the measured output voltages V o  ( 0 )  Cal- 
ibration i s  also checked by inserting a matched load a t  known tempera- 
ture direct ly  in to  the antenna feed, and by zenith sky measurements. 
C.  Reduction of Radiometer Data 
The d.c. output voltages corresponding t o  the antenna and ca l i -  
bration temperatures are recorded on the radiometer data sheet (see 
Fig. 36) , together with the waveguide temperatures and auxi l i  ary ground 
truth measurements ( f o r  example, a i r  and ground temperatures a n d  w i n d  
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F i g .  36. Radiometer da ta  sheet. 
veloci ty) necessary f o r  computi ng the antenna temperatures. The com- 
puter program f o r  reducing these input data t o  antenna temperatures, 
according t o  E q  . (43) , i s  given in Appendi x IV. 
These computed antenna temperatures and corresponding angles 
from zeni t h  , the frequency ,pol ari zati  o n ,  and date,  are read i nto another 
computer program (presented in  Appendix V )  t o  obtain the brightness 
temperature by inversion of the integral equation, E q .  (28) .  The com- 
puter i n p u t  format i s  shown in Fig. 37. The inversion of integrals of 
this  type i s  discussed by ~womeyl~;  however in  view of rwasurement u n -  
cer ta in t ies ,  a simple bootstrap method of inversion i s  used here. The 
integral i s  i n i t i a l l y  evaluated using the measured values of Tant(eo) 
as f i r s t  approximations t o  T ( e ) ,  t o  compute corresponding values o f  
" ( e ) " ,  i . e . ,  t o  compute what the antenna temperatures would be i f  T a n t  
the brightness temperatures were the same as the measured T a n t ( e o ) .  
Then, t o  check the val idi ty  of this  f i r s t  estimate, these computed an- 
tenna temperatures are compared with the measured values. I f  the d i f -  
ference nT1 i s  not suff ic ient ly  small, a new estimate of the brightness 
( e  ) .  This temperature TI (@)  i s  obtained by subtracting nT1 from T a n t  
new estimate i s  then used t o  get a second s e t  of computed antenna temp- 
eratures which are again compared with the measured values, the difference 
being designated AT2.  The i terat ions are terminated a f t e r  three o r  four 
passes, since there i s  no guarantee that  the procedure wi 11 converge. 
However, f o r  the cases computed, a1 1 val ues of nT have reduced t o  wi t h -  
in  a few degrees Kelvin by termination. 
The output format fo r  the brightness temperature program i s  
Terrai n Locati on Date Frequency Polarization 
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Fig . 37.  Bri gh tness temperature computer input format. 
shown in Fig. 38 ,  and presents the type of te r ra in ,  location, date,  the 
frequency, and polarization. The column l i s t ings  are angles from zenith 
(THETA), the measured antenna temperatures (TALSO) , the successive values 
of the difference between the measured and computed antenna temperatures 
(DELTA T) , and the successive values of the estimated brightness temp- 
erature (TEMP). The measured antenna temperatures and computed bright- 
ness temperatures of the surface presented in Fig. 38,  are plotted in 
Fig. 39.  
Accuracy of measurements 
A1 though the measured minimum detectable temperature i s  the order 
of ~ O K ,  the precision of measurement i s  determined more by calibration 
uncertainties (par t icular ly the oven temperature and waveguide losses) 
and by the inversion procedure (including errors in the antenna pattern 
function) than by the inherent s t a t i s t i c a l  f luc tua t ions ,  AT.  I t  i s  
estimated, from Eq. (43 ) ,  t ha t  a 1°K uncertainty i n  the  oven tempera- 
tu re  wi 11 r e s u l t  i n  an e r r o r  of approximately 5 ' ~  i n  the zenith sky 
temperature. However, most t e r r a in  surfaces have antenna temperatures 
between 200~1: and 300'~; i n  t h i s  range, ca l ibra t ion e r rors  wi l l  be 
comparable t o  the uncertainty i n  the oven temperature. Thus, i t  i s  
expected tha t  the absolute accuracy i n  measuring the  antenna temperature 
i s  of the order of ~ O K ,  and the re la t ive  accuracy (between measurements 
on a giver1 surface a t  d i f fe ren t  angles o r  polar izat ions)  i s  of the  
order of 3 ' ~ .  
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Fig . 39. Measured antenna temperatures and computed 
brightness temperatures of wheat at  X-band 
( 3  Ju ly  1968). 
CHAPTER IV 
SUMMARY AND CONCLUSIONS 
1-h - i~  r-eporthas describcci the design and construction of a  mobile 
faci l  i i;y for  measu~i ng the backscatteri ng and brightness temperature 
o f  terrain a t  microwave fk-equencies, with emphasis on the operational 
theory, sys ten1 c i  rcui t ry  a.nd pa.rame t e r  s peci f i  cation, and the data 
reduction procedures. 
Data of this  type i s  i~npcirtant in  the design of remote sensors and 
in the i  n"cepre.tatl'on of -the sensor outputs. More s ignif icant ly,  the 
combi r~ed d a t a '  f mrn s-imu? taneous radar and radiometer measurements can 
be used t o  pi-ovide even rrlore effect ive classif icat ion of te r ra in  surfaces, 
and be-t.ter es timates of surface characteristics such as roughness 
and d i  el ec t r i  c constant, than ei they sensor alone. 
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APPENDIX I 
RADAR ANTENNA POWER PATPEWS 
H - PLANE 
F i g .  40 . S-band r a d a r  an tenna  p a t t e r n s  (1.8 GHz) . 
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RADIOMETER ANTENNA POWER PATTERNS l5 

E-PLANE 
180 150 120 90 60 30 0 30 60 90 120 150 
DEGREES 
H-PLANE 
180 150 120 90 60 30 0 30 60 90  120 150 
DEGREES 
F i g  . 45. Ka-band r a d i  o m e t e r  a n t e n n a  p a t t e r n s  (35 GHz) . 
APPENDIX 111 
RADAR BACKSCATTERING COMPUTER PROGRAM 
B E X E C U T E  
aosusys 
B S C A T R A N  
C 
C 
C 
C  
C 
C  
F F O R M 1  
F G H D  
F A B S  
F A B S F  
F ORD 
F F F R E U  
F F F R E Q l  
F  ANGLE^ 
F T T E R  
F MARKH 
F MARKV 
F MARKC 
F G E N D  
F H E A D 3  
F H E A D 4  
F H E A D 5  
F H E A D 6  
F C O L H D  
F F P L O T  
F F F R U N  
F D A T A  
F FFN 
F A F M  
F D A T B  
F F O R M 2  
C  
C 
C  
S T A R T  
O S U S Y S  
RtJN ( 1  C 0 3  c 5203) 
O ~ D E C K ~ S L I S T  
t l A C K S C A T T E W I N G  PROGQAM FOG P H O J E C T  1 9 0 3 -  
M A I N  PROGRAM S T A R T -  
- 
I N T E G E R S ( S C A T ~ C ~ J E ~ R U N ~ ~ ~ R U N ~ V R U N ~ D A T E ~ C R U N ~ ~ R U N * I D A N T ~ ) -  
B O O L E A N  ( P P L O T  v G P L O T  F R  ) - 
- 
FORMATS- 
- 
( 1 7 X v 1 3 q 1 7 X v L 6 ) -  
( 1 H 1 1 1 7 X e O * M E A S U R E D  U A C K S C A T T E R I N G  C R O S S  S E C T I O N  P E R  U N I T  A H  
E A  V S e  I N C I O E N C t  A N G L E  FROM NOKIYIAL * / / 1 3 X * O * D A T A  G 2 O U P  NUMOE 
R  = * ~ I ~ ~ ~ ~ X I B H T E R R A ' I N  v 2 L 6 r r > X ~ l 2 H F R E O U E N C Y  = . F 7 e 3 v l O H  G l G A  
H E R T L / 5 X v Q + D A T E  * * L O / ) -  
- 
- 
GAMMA I N  D E C I U E L S -  
F R E Q U E N C Y -  
G H Z -  
D E G R E E S -  
T E R R A I N  I D E N T I F I C A T I O N -  
H O R I Z O N T A L  P O L A R I Z A T I O N  0 - 
v E R T  I C A L  P O L A R I Z A T I O N  + - 
C R O S S  P O L A R I Z A T I O N  X - 
( / O B E N D  O F  P L O T  F O H  GROUP N U M B E R B * 1 4 ) -  
( / 4 9 X 9 2 l H V E R T I C A L  P O L A R I Z A T I O N  1- 
( / 4 8 X  q 2 3 H H O H  1  Z O N T A L  P O L A R  I L A T  I O N  ) - 
( / 4 l X v 1 9 H C R O S S  P O L A W I Z A T l O N  *U* V E R T I C A L  T R A N S M I T T E R * ) -  
( / 4 0 X o l 9 H C R O S S  P O L A R I Z ~ T I O N  qO* H O R I Z O N T A L  T e A N S M I T T E e * ) -  
( /  1  1 H  R'JN NIJMBER. 6 X  * 0* * r 2 2 H A t 3 S O  
L U T E  C R O S S  S E C T I O N  v 6 X - 2 5 H C R O S S  S E C T I O N  I N  U E C I B E L S e 6 X v 1 7 H G A  
MMA I N  D E C I B E L S  1- 
( / 4 X q 4 1 H I N T E G R A T I O N  T I M E  FROM R E F E Q E N C t  S P H E R E  = e F 7 0 3 v 8 H  S 
E C O N D S  ~ ~ O X I Q * V O L T A G E * * F ~ . ~ . ~ H  V O L T S Q I O X ~ Q * M U L T ~ P L ~ E R * Q F ~ ~ ~ V  
/ l O X v Q + T I M E / V O L T * v F 1 O ~ 5 r ( 1 O X v O * I N P U T * ~ F 1 O 5 v l O X Q * N  D B * v F l O o  
5 r l O X * Q +  F R E O U E F J C Y * * F S . l / ) -  
( 1 5 X q O + N O  P L O T S  R E Q U E S T E D *  ) -  
( ~ H + ~ / + ~ X V Q * F R E W U E N C Y  R U N  AT C O N S T A N T  A N G L E  O F  * . F l O . E / ) -  
( 5 0 X e Q X  C O N S T A N T  A N G L E  O F * V F ~ ~ ~ V Q * D E G R E E S * ) -  
( 5 O X q Q * C O N S T A N T  F R E Q U E N C Y  O F  * q F 5 . 2 v U *  G I G A H E R T Z  * I -  
(5Xr13q13X~F501r23XvF12.8vlijXtF8e3*19X*F8e3)- 
( 1 3 X ~ 1 3 ~ 4 X v 2 L 6 ~ 6 X r L 2 ~ 1 1 X ~ F 5 e 2 ~ 1 ~ X ~ L 6 / 1 2 X ~ F 4 ~ 1 ~ 6 X 1 ~ 5 e 3 ~ 6 X ~  
F 3 e l r 6 X v F 4 e l r 1 9 X 1 L 4 ) -  
- 
D I M E N S I O N  S T A T E M E N T S -  
- 
L > I M E N S I O N ( C R U N ( ~ ~ ) ~ C A N G L E ( ~ ~ ) ~ C S ~ G ( ~ ~ ) * C L S I G ( ~ ~ ) V C L G S I G ( ~ ~ ) ~  
B H U N ( ~ ~ ) ~ ~ A N G L E ( ~ S ) V U S ~ G ( ~ ~ ) ~ B L S I G ( ~ ~ ) * B L G S ~ G ( ~ ~ ) ) -  
D I M E N ~ I O N ( I U ( ~ ) ~ A N T ( ~ ) ~ H H ~ ~ N ( ; ~ ~ ) ~ H A N G L E ( ~ ~ ) ~ H ~ I G ( ~ ~ ) V H L S ~ G ( ~ ~  
) V H L G S I G ( ~ ~ ) ~ V ~ ? ~ ~ N ( ~ ~ ) ~ V A N G L E ( ~ ~ ) ~ V S ~ G ( ~ ~ ) ~ V L S I G ( ~ ~ ) Q V L G S I G ( ~  
5 ) 1 4 K R A Y ( 4 4 ) ) -  
- 
F I R S T  D A T A  C A R D  C O N T A I N S  ANTENNA B E A M  N I D T H S  C E N T E R  T O  3 D B o -  
- 
CQNT I N V E -  
R E A D  I N P U T I ~ I ( ( A N T ( I ) ~ I = O ~ ~ ~ I ~ L ~ ~ ) ) -  
S E C O N D  C A R D  o m .  NUVt lEW O F  GROUPS AND R E Q U E S T  F O R  N O  P L O T S -  
P P L O T  ( = ) 0- 
HEADINPuT~FORM~~(NGROUP.IPLOTS)- 
DWO\I l n ~ n  (101  ~ T < . ~ I P - u .  J. i .POI n-r I =  \ .n.77777777 7777 - 
PROVIDED(PPLOT)eTHAN5FkQ(~EG1N)- 
C A L L S O B R O U T I N t (  ) = P L O T 5 e ( A k Q A Y * 4 4 e d ) -  
U O T H R O V S H ( E N D ) r K = l  r l ~ I ( o L t e N G W 0 U P -  
G3LOT ( = ) O -  
F R ( = ) J -  
R E A D I N P U T . F O R ; 4 2 r ( N C I M L j E ~ * l D ( O ) o I D ( 1  ) . N P L O T S r C O N S T A r D A T E r S T I M E  
e S V O L T * C C C * F R U N v S C A T ) -  
P R O V I D E D ( N P L O T h s N E o 5  ~ ) r G P L O T ( = ) e O e 7 7 7 7 7 7 7 7 7 7 7 7 7 -  
- 
- 
C A R D  I M A G E S -  
GROUP NUMBER N N N  I D  LLLLLLLLLLLL P L O T  LL RiJY A N G L t  N N N N N  D E G  
D A T E  LLLLLL- 
- 
S P H E R E  T I M E  X X e X  V O L T  X e X X X  M U L T  X e X  F R E Q  X X e X  GHZ S / V  X X X X o  
X X X  - 
- 
PROVIDED(CONSTA.NE.de)*FR(=)eO.7777?7777777- 
- 
C A L C U L A T E  R E F E R E N C E  V O L T A G E -  
- 
S T V = C C C / S V O L T * S T I M E -  
V S = I N T e  ( S T V ) -  
- 
GROUP H E A D I N G  W R I T E  O U T  - 
WR I T t N O  H E A D  I N G *  G H U V  ( NU~ha fzW*  I D  (b ) v I D  ( 1 1 v F W U N  v D A T E  ) - 
P R O V  I D E D ( P P L O T o 0 G ' o G I ~ L O T  ) r Y 4 I  T E O U T P 3 T r F P L . O T -  
PROVIDED(FR)~WRITE0UTPUT*FFH1JN*(CONSTA)- 
DBVS=ZO.+LOGo ( V S ) -  
W R I T E O U T P U T ~ F R T I M E V ( ~ T ~ M E * S V O L T * C C C * S T V * V ~ ~ D & V S ~ ~ R U N ) -  
- 
F R E Q U E N C Y  OR A N G L E  R U N -  
T R A N S F E R t S P E C )  P R O V I D E D (  F R ) -  
- 
F O R M A T  M O D I F I C A T I O N -  
C O L H 0 ( 4 ) ( = ) B t j A C K S C B -  
C O L H 0 ( 5 ) ( = ) 5 A T T E R I B -  
C O L H D  ( 6 ) ( : ) 5 N G  ANGB- 
C O L H D ( 7 )  ( = ) 5 L E  5- 
- 
THE FOLLOWING I S  F O R  AIJ A N b L E  R U N -  
- 
S E L E C T  A N T E N N A -  
I = I D A N T e ( F R U N ) -  
L = O -  
M=O- 
MA=O- 
J = O -  
R E A D O N  R E A D I N P U T ~ D A T A ~ ( C U E ~ R U N * A N G L ~ . T I ~ ~ ~ E ~ V O L T ~ C M U L T ) -  
c - 
C C A R D  I M A G E -  
C - 
C P O L  LL R U N  N N N  ANG X X e X  T I M E  X X e X  V O L T  X e X X X  S / V  X X X X o X X X  N 
M U L T  X 0 X  LLL- 
c - 
C GWOUP E N D  S I G N I F I E D  MY TIME=().- 
PROVI@ED(TIMLeteOe)~TRANSFER(OUT)- 
T V = C M U L T / V O L T * T I M E -  
F A C T O R = T A t I C A L * ( A N G L E ) * A N T ( I  ) / 4 e i 2 d 9 * A N T (  1  ) -  
S E L E C T I O N  O F  PROPER 5 T 3 H A G E  AQRAY-  
T R A N ~ F E R ( V E R T * V C R T I Y O R O ) P H O V I O E D ( C U E ~ -  \ 
- 
H O R I Z O N T A L  I N P U T 5 -  
C 
C  
C  
SPEC 
HORO TRANSFER(HHPHH~HV)PROVIDED(CUE-%HH%)- 
H H  HRUN ( L  ) =RUN- 
H A N G L E ( L ) = A N G L E -  
CALLSUBROUTINE(HSIG(L)~HLSIG(L)QHLGS~G~L))=CAL~(ANGLE~INT~( 
T V ) v V S e F A C T O R ) -  
L - 1 9 1 -  
TRANSFER (READON 1- 
VERT TRANSFER(VVPVHIVH)PROVIDED(CUE-SVHSI -  
V V V R U N ( J ) = R U N -  
V A N G L E ( J ) = A N G L E -  
.CALLSUBROUTINE(VSIG(J)*VLSIG(J)~VLGSIG(J))=CALe(ANGLE.INTe( 
T V l o V S s F A C T 0 R ) -  
J = J + 1 -  
TRANSFER (READON - 
C  CROSS P O L A R I Z A T I O N  ANGLE RUN- 
C - 
C VERT I C A L  TRANSMI  TTER-  
CRUN(M)=RUN-  
C A N G L E ( M ) = A N G L E -  
CALLSUBROUTINE(CSIG(M)~CLSIG(M)qCLGSIG(M))=CALe(ANGLEvlNTe( 
T V )  e V S e F A C T 0 R ) -  
M=M+ 1  - 
T R A N S F E R ( R E A D 0 N ) -  
BRUN ( MA ) =RUN- 
BANGLE ( MA ) =ANGLE-  
CALLSUBROUTINE(~SIG(MA)*~LSIG(MA)*BLGSIG(MA))=CALe(ANGLEeINT 
e ( T V ) V V S I F A C T O R ) -  
MA=MA+ 1 - 
TRANSFER(READON1-  
- 
- 
T H I S  P A R T  FOR FREQUENCY RUN- 
ANGLE=CONSTA- 
I =  IDANT .  ( F R U N ) -  
- 
FORMAT M O D I F I C A T I O N -  
COLHD ( 4  ) ( = ) $ RUNS- 
C O L H D ( 5 ) ( = ) 8  FREQUB- 
COLHD (6 ) ( =  )BENCY 8-  
C O L H D ( 7 ) ( = ) %  9- 
- 
SCATTER REQUEST- 
P R O V I D E D ( S C A T e N E e 8  B ) r T R A N S F E R ( F R 5 C A T ) -  
T A B = T A B C A L O ( A N G L E ) -  
J=O-  
L = O -  
M=O- 
MA=O- 
- 
CARD IMAGE- 
- 
P O L  LL RUN N N N  FRQ X X e X  T I M E  X X o X  VOLT XeXXX S /V  X X X X e X X X  N  
MULT Xe X LLL- 
- 
H E A D I N P U T I D A T A * ( C U E * R U N * F C ~ E O U ~ T I I ~ E ~ V O L T ~ C M U L T ) -  
PROV I D E D ( T I M E e E e 0 e  ) q T R A N S F E R ( R D F 2  1- 
T V = C M U L T / V O L T * T I M E  - 
FACTOR=TAB + A N T ( 1 ) / 4 e l 2 0 9 * A N T ( I ) -  
- 
T H I S  PROGRAM HAS S E L E C T I O N  OF E I T H E R  P O L A R I Z A T I O N -  
T R A N S F E R ( V F e V F v H F ) P R O V I D E D ( C U E ) -  
- 
H O R I Z O N T A L  FREQUENCY RUN- 
TRANSFER(HHF*HHFIHVF)PROVIDED(CUE-BHHB)-  
V F  
V V F  
C  
C  
c 
C 
C 
C  
V H F  
C  
C 
c 
OUT 
C W R I T E  
BWR I T E  
GOON 
e 
C 
C 
.-. 
H R U N  ( L ) =RUN-  
i-i3:\1GLF ( L ) = F R r U U -  
(.'.'I_! i;:Jt?ROUTI NE ( H 5 1 G ( L  ) e U L h I G ( L  ) r H L G S I G ( L )  ) = C A L o  ( 4 N b L E .  I N T e  ( 
T V )  , * 1 J b e  F A C T O R  1- 
i . r : t .+ i  - 
TRANSFEQ ( R D F  ) - 
T R A N S F E R  ( Y V F  * Y Y F e  V H F  )Ph'OV I D k L > ( C U E - S V V  B ) -  
VRUN ( J  ) =RUN- 
',/EUTICAD P O L A X I Z A T I O N  F d E O U t N C Y  H U N -  
'JANGLE ( J ) = F R E O U -  
CAL-LsU~ROUTINE(VSIG(J)eVLSIG(J)*VLGSIG(J))=CALa(ANGLEmINTa( 
T V )  9 U S o F A C T O R l -  
JZ - ' .+I - .  
T R A N S F E R  bRDF ) - 
- 
Cll iOSS P O L A R I Z A T I O N  F R E U U E N C Y  RUN-  
- 
V E R T I C A L  T R A N S M I T T E R -  
C R U N  ( M  ) =RUN- 
C A N G L E ( M ) = F R E O U -  
C A L L S U Y R O U T I N E ( C S I G ~ M ) V C L S I G ( M ) * C L G S ~ G ( M ) ) = C A L ~ ( A N G L E ~ I N T O (  
T V ) Q V S ~ F A C T O R ) -  
M=MJr l -  
T K A N S F E R  ( R D F  ) - 
- 
CROSS P O L A R I Z A T I O N  H O R I Z O N T A L  T R A N S M I T T E H -  
B K U N  ( M A  ) = R U N -  
B A N G L E ( M 4 ) = F R E O U -  
CALLSUUROUTINE(USIG(MA)OULSIG(MA)QULGS~G(~IA) ) = C A L . ( A N G L E * I N T  
a ( T V )  v Y S ~ F A C T 0 R ) -  
MA=MA+ I. - 
T R A N S F E R  ( R D F  ) - 
- 
- 
P L O T T I N G  AND W R I T E O U T P U T  O F  D A T A  C A L C U L A T E D -  
P 2 O V I D E D ( . J s E o O ) v T R A N S F E R ( H ~ R I T E ) -  
WR I TENOI4EAD I N G  e H E A D 3 -  
W H I T E N O H E A D I N G e C O L H D -  
W R l T E N O H E A D I N G e D A T H ~ ( ( V R U N ( J R ) 9 V A N G L E ( ' J R ) 9 V S I G ( J R ) 9 V L S l G ( J R )  
v V l - G S I G ( J R ) * J R = O v l  V J R O L O J )  -  
P R O V l D E D ( L o & e O ) o T R 4 N S F E R ~ C W R I T E ) -  
WR I TEMOHEAD I N G  9 H E A D 4 -  
WR I T E N O t i E A D  I N G s  C O L U D -  
W R I T E N O H E A D I N G s D A T t ) *  ( (HHUN(J&)qHANGLE(JR)qHSIG(JH)qIiLSIG(JR) 
oHLGSIG(JR).JR=OelvJRoLoL))- 
P R O Y ~ D E D ( M ~ E ~ O ) ~ T R A N S F E R ( U W R I T E ) -  
W R I T E N O H E A D I N G o H E A D 5 -  
W R I T E N O H E A D I N G V C O L H O -  
W R I T E N O H E A D I M G V U A T B ~ ( ( C R U N ( J H ) ~ C A N G L ~ ( J R ) ~ C S ~ G ( J R ) ~ C L S ~ G ( J R )  
s C L G S I G 1 J R )  n J R = C J v l  e J R e L e M )  ) -  
P R O V I D E D ( M A o k e O  o T R A N S F E R ( G 0 0 N ) -  
W R I T E N O H E A D l N G 9 H E A O b -  
W R I T E N O H E A D l N G o C O L H O -  
W R f T E N O H E A D I N G q U A T 6 *  ( ( ~ R U N ( J R ) ~ ~ A N G L E ( J R ) ~ ~ S I G ( J % ) ~ B L S I G ( J R )  
o B L G S i G ( . J R ) q J H = O v l e J R e L e M A ) ) -  
P R O V I D E D i G P L O T e O R . P P L O T  ) * T R A N S F E R  ( E N D  ) -  
- 
PC.OTT I N G  COl4!\IAN[IS F O R  G R A P H S  F O L L O W -  
- 
H C R I Z O N T A L  A X I S  - 
FMUM=I\IUMBEI?- 
PROV I OED ( F R  I D T R 9 N S F E R  ( P X 2  ) -  
C,A.LLS.Ut$QOUTINE.( : : :AXISc 1 3 o . e Q .  e A R S * - 1  o o - 4 e 5 s O e . q . O ~ r Z O s t  95) -  
T R A N S F E R  ( A X X  ) - 
C A L L S U ~ R O V T I N E O = A X I S ~ ~ ~ ~ O ~ ~ ~ Q A ~ S F ~ - ~ ~ - ~ ~ ~ ~ O ~ * ~ ~ ~ ~ ~ ~ ~ ~ ) -  
FNUMZNUMRER-  
C A L L S U Y R O U T I N E (  ) = S Y M d O L m ( l e ~ l e 7 5 * e 1 4 e S G R O U P ~ * d e q 5 ) -  
C A L L S O B R O U T  I N E  ( ) =NfJM! jEHe ( 1 0 7  q 1  e 7 5  * e 1 4  Q FNOM e.0 e 9 - 1  ) - 
P R O V I  D E D ( F R )  s T Q A N S F E L ' ( L f i 6 E L  1  ) -  
C A L L S U B R O U T I N E (  ) = S Y M ~ O L e ( 1 o r l 0 5 ~ ~ 1 4 r F F R E Q . ~ O e r 1 1 ) -  
C A L L S U B R O U T I N E ~ O = N U M Y E R ~ ( ~ ~ ~ ~ ~ ~ ~ ~ ~ O ~ ~ * F R U N ~ O ~ ~ ~ ) -  
C A L L S U t 3 R O U T I N t  ( ) = S Y i 4 n O L o  ( 3 e 5 2 t  1 * 5 v e 1 4 q F F R E U l  *iJ.q3)- 
T R A N S F E R  ( L A d E L - E  ) -  
L A B E L  1  C A L L S U U R O ' J T I N E ~ ) = S Y M B O L e ( l e e 1 e 5 ~ ~ 1 4 ~ B A N G L E  8 e O e q 5 ) -  
C A L L S U B R D U T I N E (  )=NUMYERe(108ele5qel4*4NGLE*Oa*l)- 
C A L L S U B R O U T I N E O = S Y M I ~ O L ~ ( ~ ~ ~ ~ ~ ~ ~ Q ~ ~ ~ ~ ~ N G L E ~ ~ O ~ * ~ ) -  
L A B E L 2  C A L L S U U R O U T l N E ~ ) = S Y M Y O L o ~ 1 e ~ 1 e 2 5 e e 1 4 ~ I D ~ O o v l 2 ~ -  
C A L L S U B R O U T I N E ~ ) = S Y M Y O L ~ ~ ~ ~ * ~ ~ Q ~ ~ ~ ~ % D A T E S * O ~ ~ ~ ~ -  
C A L L S U ~ R O U T I N E ~ ) = S Y M H O L ~ ~ ~ ~ ~ ~ ~ D ~ ~ ~ ~ ~ D A T E ~ O ~ ~ ~ ~ -  
CHG=%l)o - 
P R O V I D E D ( F R )  r C H G = 8 e -  
- 
V E R T  l C A L  AX I S- 
C A L L S U B R O U T I N E O ~ A X I S ~ ( ~ ~ ~ O ~ ~ O R D ~ - O ~ O - ~ O ~ ~ ~ ~ O ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ) -  
C A L L S U ~ R O U T I N E O = L I F . 1 t l e ( V A N G L E * O e ~ C H G ~ V L G S I G * 5 ~ ~ 5 e * J ~ l ~ 3 ) -  
C A L L S U B R O U T I N E O ~ L I N E ~ ~ H A N ~ L E ~ O ~ * C H G ~ H L G S ~ G V ~ O ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ -  
C A L L S U B R O U T I N E O = L I N E ~ ( C A N G L E * O O ~ C H G ~ C L G S ~ G ~ ~ ~ ~ ~ ~ * M ~ ~ ~ ~ ) -  
C A L L S U ~ R O U T I N E O = L ~ N E O ( ~ ~ A N ~ ~ L E ~ O . ~ C H G ~ U L G ~ ~ G ~ ~ ~ . ~ ~ ~ M A ~ ~  9 1 2 )  - 
C A L L S V H R O U T I N E (  ) = P L O T e ( 8 e a O * * - 3 ) -  
E N D  CONT I N U E -  
C A L L S U B R O U T I N E (  ) = P L O T E e (  1- 
C A L L S U B R O U T I N E (  ) = E N D J o e e (  ) -  
F R S C A T  CONT I N U E -  
WR I T E O U T P U T Q  E R R -  
F E R R  (U* N O  S C A T T E R  R O U T I N E  I N  PROGRAM J O e  F O R C E D  O F F  B Y  PR 
O G R A M * / / / ) -  
C A L L S U B R O U T I N E (  ) = E N D U M P * (  ) -  
R D F 2  R E A D ~ N P U T I F ~ R M ~ ~ ( S T ~ M E * S V O L T ~ C C C * F R U N * S C A T ) -  
I = I D A N T e ( F R U N ) -  
C  E N D  O F  GROUP S I G N I F I E D  B Y  T I M E = O e -  
PROVIDED(STIMEoEeOe)*TRANSFER(OUT)- 
S T V = C C C / S V O L T * S T I M E -  
V S = I N T e  ( S T V ) -  
D B V S = 2 0 e * L O C e  ( V S ) -  
W R I T E O U . T P U T * F R T I M E I ( S T I M E * S V O L T Q C C C ~ S T V * V S * D B V S ~ F R U N ) -  
T R A N S F E R  ( R D F  ) - 
E N D P R O G R A M ( S T A R T ) -  
B F A P  T A B C O O 0 1  
COUNT 50 
* SUBROUTINE T O  DETERMINE T A U  FOR A GIVEN ANGLE 
E N T R Y  T A B C A L  
R E M  S C A T R A N  C A L L I N G  S E Q U E N C E  
R E M  C A L L S U B R O U T  I N E  ( T A U A  ) = T A B C A L e  ( A N G L E  1- 
R E M  T H E  R E S U L T  I S  A L S O  I N  T H E  AC O N  R E T U R Y  
T A B  D E C  0 0 0 3 0 2 1  6 
D E C  o 0030698 
D E C  0 3 0 3 2 2 4 2  
D E C  a 0 0 3 5 1  30 
D E C  e0039995 
D E C  e O 0 4 8 2  1 6  
D E C  a 3 0 6 3 1  4 5  
DEC e 0093387 
D E C  DO 1 5 1 5 4 6  
D E C  1 0 0  
P A R T  P Z E  
I P Z E  
I A N <  P7F 
.. e F  - C i s a ~ k L  S X A  I R k  c j. 
S X A  E W 4 o 4  
CAL+". 1 0 4  
S Sic $Fl.r-IX 4 
S T 0  E 
XCA 
P X A  9 3 0  
D V F  - 1 0  
:< G A 
l l  h C  0 s  l 
6 i - A  i AN52 
- r s X  SFXf'L a &; 
e i-'l !S 
m i.24 A X T  o ~4 
FAD* % 09 
FE'iP = 8 0 ,  
S T Q  PAF?T 
CL.4 SAE-:- 1 s l 
cer. 
7 a53 TAB.$ l 
X C A  
F M P  PAGlV 
F A D  T A R *  L 
rai A X T  L 'A 6-6 r l 
STOG 214 
TRA 3 * c!1 
END 
$Fais C A L  0 0 0 1  
COC!I.iT 8 0  
.ETt-#%S ,SVBC!OUY !ME DOES THE C A L C L I L A T  I O N  O F  THE I N P U T  VOLTAGE I N  DBe 
* PROPER S C A B R A N  CALLJNG SEQUENCE 
iC C A L L  SUBP2OCJT !: NE i \JS i G B  VL.5 1 Gs l / LGS I G > =CALe (ANGLE*  V  r REFV r F A C  ) -  
ENTRY T T I  
ENTRY C A L  
T  f DEC o 00081 669 I37 1672 
DEC s C 0 0 9 Z E 3 0 5 8 3 4 6 9 4 9  
DEC e 0 0 0 9 2 8 0 5 0 3 7 6 9 4 9  
DEC, o 0 0 0 S E 8 0 5 U 3 7 6 9 4 9  
TEMP PZE 
Fai l  D E L  a 0  1 7,535329 
V t .  PZE 
t OA DEC 1 0 c  
CAE.- S X A  I W & G ~  
CLA-lr- Z r 4 
FDP* 3 9 11- 
S'TQ -r~p4p 
F M P  TEMP 
s;<>% XR% e 2 
T'Ff A X<; Q%,% 
FBp% 4 e O  
F'isiP 1 ' T u 2  
X @ g  Ax-f' 8 X e 2  
STOi i .  5 .; i, 
.ST0 TEMP 
TSX SFL. l>Gl  9 8 %  
PZE PEP.flP 
$ z E  TEPl? 
iz,- : ,? \. fi
;= pj E O A  
53'0 it L. 
Z R 4  izXT A i  'L .. h ;. i$ 
e T ( y +  P"J q 4 
t DL2 " f ?  ' , * c 
;? Ffij)  ?- 1 ? L $  
. .ST<> Tb;MP 
P d i  UlVlDEND INTO MQ 
C L E A R  WC 
Y=:BANG/10 
GET &NSWEW BACK I N T O  A6 
P i i T  A D ( A C )  I N T O  IF41 
P P R V r ( A N G L E - I A N C ) / l O e  
R E S T O R E  I f f 4  
t ( T A B 4 - 1 ) - T A U ) + P A R T  + T A B  
RESTORE l R l  
STORE ANSWER 
, RETURN TO C A L L I N G  PROGRAM 
DEG TO R A D I A N  CONSTANT 
S A V E  fR4  
TEMP= V/REFV 
S A V E  dR2 
P L A C E  I FROM l D A N T e  I N  I R 2  
V S I C = ( V / R E F V ) e P e 2 / F A C * T T  

'< p fi 
C A S  
-.; 
-I- i ? i;. 
Ci-. ii 
STC? 
C L  S 
5 : 13 
-- I r:i\ 
a C L . ~  
S T 0  
C i  S 
STQ 
T R A  
I\ 0 c ii S 
"i- T , .< ,A 
7'R% 
CI.A 
s 3 . 0  
C L S  
5 T 1.) 
' j 2 A  
D a C I". A 
S T 0  
C. t. S 
S T 0  
ni..yG Y S X  
r-, -,. , - * <- 1:- 
F i  2: C 
X C h  
fZ p"? rJ 
-5 T Cl 
-r 3 >< 
F L E  
pzc^ 
X C A  
FMT, 
ci i? X T 
s-f'o* 
T 6 ,I 
END 
S D A Y A  
sVi)  2 ~ 6  
!*:O, OF GROUP.5  
A c. 
j A 
L-3 e 
L3 e 
C i s  
C A 
E O  B 
trl n 
PLUG 
(11 o 
C A 
E l  e 
E n  
PL.26 
75;9 
Do 
D I 
CZ e 
C A 
E2 a 
LZ ,A 
PLUG 
C3.a 
t A 
E 3 0  
Ea 
!&FI-OGl Q 4 
7 
7 
EQUAL 
COMPARE TO 1 
IT; GREATER 
EQUAL  
L E S S  
COMPARE TO 75 
I F  GREATER 
EQUAL 
L E S S  
E P  
E A 
SFE).<PT I 0 4 TAKE A N T I L O G  
E A 
I 
c 4 
.hi .". 
. h e 4  RESTORE I R 4  
2 8 4 
394 
E a t 3 8  1 0000 
103 P L O T S  REQUESTED 
RADIOMETER COMPUTER PROGRAM FOR CONVERSION 
OF VOLTAGES TO ANTENNA TEMPERATURES 
C: RADIOMETER PROGRAM FOR 
C: CONVERSION OF VOLTAGES TO ANTENNA TEMPERATURES 
C: T=ANTENNA TEMPERATURE 
C: TA=THERMAL TEMPERATURE OF ANTENNA DEG. K 
C: TB=THERMAL TEMPERATURE OF BOX, DEG. K 
C: TO=THERMAL TEMPERATURE OF OVEN, 358.0 BEG. K 
C: V=OUTPUT VOLTAGE WITH ANTENNA 
C: Vl=OUTPUT VOLTAGE WITH AMBIENT LOAD ( 2 0  DB ATTEN.) 
C: V2=OUTPUT VOLTAGE WITH OVEN LOAD (0  DB ATTEN.) 
C: ANG=ANGLES WITH RESPECT TO NADIR 
C: Al=ANTENNA FEED LOSS 
C: AZl=ATTENUATOR MAXIMUM LOSS ( 2 0  DB SETTING) 
C: A22=ATTENUATOR INSERTION LOSS (0 DB SETTING) 
C: FREQ=RADIOMETER FREQUENCY 
DISPLAY ["ENTER FREQUENCY I N  GHZ'I 
ACCEPT [FREQI 
DISPLAY ["ENTER TEMPERATURE OF ANTENNA I N  DEG. K t ?  
ACCEPT [TA] 
DISPLAY ["ENTER TEMPERATURE OF BOX I N  DEG. K"] 
ACCEPT [TB ] 
DISPLAY ["ENTER VOLTAGE WITH AMBIENT LOAD"] 
ACCEPT [V l ]  
DISPLAY ["ENTER VOLTAGE WITH OVEN LOAD"] 
ACCEPT [V2] 
IF ( 1 2  .o-FREQ) 1,2,2 
1 A1=0.8854 
A21=0 .O1 
A22=0 .9465  
GO TO 3 
2A1=0.975 
A21=0,01 
A22=0,955 
3 T2= (TB - ( 1 . 0  -A1) *TA) / A 1  
T0=358.0 
T3=(TO-TB) / A 1  
T4=A21*T3 
T5=T3*(A2 1-A22)  
T6=T2+T4 
v3=v1-v2  
DIMENSION ANG(50) ,V(50) ,1(50)  
DISPLAY ["ENTER NUMBER OF DATA POINTS'I 
ACCEPT [$I 
DISPLAY ["ENTER ANGLES AND VOLTAGES'? 
ACCEPT (ANG(1) , V ( I )  , I = 1  ,N) 
DISPLAY ["ANGLE FROM NADI  Rii , "ANTENNA TEMPERATURE"] 
DO 4 E=l ,N 
-~(E)-=T~+T~*(V(I)-V~)/V~ 
4 DISPLAY [ANG( I ) ,  T ( I ) ]  
END 
APPENDIX V 
RADI OMETER COMPUTER PROGRAM FOR 
BRIGHTNESS TEMPERATURE INVERSION 
F FMA 
L O O P X  
F Y 
; ) s J S Y L  
G d N (  1 ~ b v Z Y t J x J )  
C\uI)ECK Q S L  1  :;T 
S O L U T I 3 N  3F I:\ITEG;?AL L . > J I I T I ~ N  12 t I N 3  t i? ' \Y l i - ; iP. - 
T R A N L F E R  ( A L .  f.L 9 C l  I ) P R 3 V  I IjE3 ( C 0 3  T i i  ) - 
T A V E - T E ' 4 P  ( 13  - 
T s A N S F C R ( 5 4 5 ) -  
T.','JE-.TE:,lP( 1  ) -  
T R A N > F K R ( S 4 5 ) -  
~ ' 1  :4=:\I3 1  ClN ( IJZLT ( 2 2 3  ?qi.J:d ) r  TE?.~F'? (22 , ;  + '<\;\ ) A'\GLL (:j9 ) ) -  
D ~ I / I E ' \ ~ S I C ~ N ( T ~ ~ Z T P ( ~ ~ ; I )  rFP :<J (3L i ; ' ) .  T i 1 ; 6 ? i 5 i  ) r T A L b 3 ( > ; ) )  r  T;i,iuT ( 2 3 )  f -  
LITE;7;!L.?(C;I:\j i lr 3 .  r e  1 7 3 6 4 6 1 7 ~ .  :!.'+2Ci*>4.53.. -:* .c ) , ' t27a7t51 r  
e 766;4444.3. e G G 5 - J . 2 ' 1 4 G 4 r  e 33'IG:i26;21 r  . , - j345377: ,3 r  1.. 
. ' jU4d>77:73.. )i j C ? 2 : > 2 1  t . ,5 f~GS2-; i43/+*  e 1 6 0 : ) 4 4 4 4 3 *  .t,4:'70761. . f ) r  
3 4 2  ~2343.;. . 1 7 3 6 4 ( $ 1 ' 7 d . 2 .  *-. 1 7:36431 7 d r - . 3 4 % S ; L 3 4 3 3 r - . j ~  
- o i 4 . 2 7 0 7 C :  . - e  7 G b ~ i ~ 4 4 f 1 . 3  r  -.o;,<>,!2:14 .j4 * - .;33'#5-9"' . ~ 0 2 1 .  
- e  ' 3 i 3 4 3 . 3 7 7 5 3 r - i  0 *-.:134:>-,77:>..;r-. j:Y)Oj.,itj2 1  * - . 8 6 5 1 ? 2 5 4 2 4  r  
- 0  7 6 5 5 4 4 4 4 3 .  
- 0 6 4 2 7 8 7 c j l  r - e . 5 , - e  ? ~ t ~ : ; i ~ t ; ~ + [ ' . : i r - .  1  '1 .3(5&:3: 7 d r  3 .  ) -  
R L A i j  I N P J T  r 6 9  (;~i11;3 4 - 
I TE:Ri4X = 3- 
F Y 2 t Z 5 )  ( = )  I T t % + \ l X -  
Z i ' 2  ( 3 )  ( = ) I TERMX- 
~ ~ Z A L J  I N P U T  r  8 ,  ( N N  1- 
NhN=,- 
L I T - t ; < A L S  ( C F  r e L ,  1 7 4 5 3 2 ' 3  - 
D I b l E N S I O N ( S I N C ( 4 ~ )  -  
L33ClLEAN 1 T E S T  ) - 
( 1 8 ) -  
D O T H R O U G H ( L O G P X ) r I - d . l r  I e L e R h -  
K E A D I N P U T + Y Q  ( ? t l t T C ' (  I ) tCd;:i ) -  
T t I E T P R = T h t T F  i i ) + C F -  
S T 3 R c .  5 1  l\ik iih1.j C S s  1  i u t  'J,\LIJI--.C, 35 FIN rLNi<:t PIAT T i t<\5- 
V I ; 4 L l \ l S I O N ( S i t i L T l ~ i 3 L ~ u ) r i : i n ~ ~ ~ ( 3 3 u )  ) -  
S T r l E T P (  1  ) = S I N .  ( T r i i l T P i 4 ) -  
C Ti-1ETP ( I ) =CO;. ( TtiF:TPH ) -  
F P N U  ( I ) = E X ?  1  :;. (-P,r . l i /  1  ';. ) - 
( z i l E l o . 6  ) -  
~ ~ C A D I ~ U P U T I O I  ( JJ ) -  
D O T H H 3 ' J G H ( b 1 5 )  r N 5 t T 3 = 1  * 1  r k 5 c T 8 > . L t i e J J -  
~ L A i ) I N P c l T r i . / l l  v ( I T A *  1 I L J r  1  ;C:r 1  r : j r  I II<+FC2t:ur I l t r  1T i ; ) -  
~ J R I T L O U T P U T ~ F I ~ ~ ~ ( I T C \ . I T L ~ . I T L ~ I T J ~ ~ ~ ~ ~ F I ~ L Q ~ I ~ ~ ~ I T G . ( I ~ I , ~ = I ~  
1  9 I .LE.e I TERi4X ) ) - 
( 5 L b * F 1 3 . 5 . 2 L b ) -  
(2'4-1 T;iRf24I;\ :  .2L6r / /L"  L C C A T  l u x  ;.*cL6+ 1 0 X r u * D A T t  + r L u / /  
LJf F i i E D U t : \ I C Y  * r F l ; j .  1  t J*  G1i.2 -%:-. i ~A.LLUQCI .+  + G L A ; < l L A T  l ' j N Q / /  
U* T H E T A +  r  1 1 T  r,U*ThL.>O* . 2 1 r r  ( J * d E L T A  T * *  I I r  2 X  r O * T k , 4  
P f Q I 1 9 5 x ) ) -  
ANG=.Je - 
D O T H 2 O U G H  ( 5 1  O )  * I I I = I  r  1  A N i  . L a  1  t3d.- 
H E A D I N P U T . Y *  ( A N G * T E ' < P (  I I I ) ) -  
ANGL-ANG %.CF- 
D  I M E N S  I ON ( CANGL ( 5 - 1  1 r  t ~ A h t i L  ( 5 3  ) ) - 
C A N G L  ( I I I = C O a .  aU;L) - 
S A N G L (  I I I ) = S I N .  (;ltdGL ) -  
T A L S a (  1  1 1  )=lt:;.iFJ( 1  i 1  ) -  
DOTHHOGGn ( hi?-2 ) r 1  T t R =  1  1  9 i rt ;- !oL:Ie 1  TC.RI.4X- 
U O  T t t H 3 i J G t i ( . j 3 5 )  * T r c t T O = . , .  r 1:). r  T z ! I r i ) e L t .  Id?.- 
:;,):.,lbi< = 3  e - 
T t i c ) R A = T H E T O * C F -  
U = S I N * ( T H O R A ) -  
V = C O S * ( T H O R A ) -  
D O T H R O U G H ( S 4 d ) . N = I * l  rN.L o N k -  
A R E A = : ) * -  
S2S 
F Z Y 4  
O U T  A 
L J.J TP=C 1  Hr- T f i j  ( N  j A V -  
E=S r d L T p ( N ) -  
5 I : q G = d * L -  
~ ~ L ~ ~ = ~ P ~ ~ ( X ) * Z % l ~ ~ e ~ ~ ~ ~ ~ - ( T t i ~ T ~ ( P ~ ) - i ~ ~ i - ~ ~ ( l \ - I  j )*LI-- 
l N T i G E R 5 ( P H I  ) -  
I j c i T r i A O ( J G H ( 5 4 5 )  .P I - I~=U.  i r k J r l I  e L 1 1 e . j : ~ -  
C O S T f l Z C O S T F - S  1  NF. I ) * L ;  ;'.1G- 
P R i ) V I 3 E i ) (  .AL,J. iGaTii . i - .  1. ) r T i - ? A N > F i n : ( , i d ) -  
C O T T t i = C w S l ~ r i / : i d <  I .  ( 1  . - C U S T H i C i U 5  r i i  ) - 
f t i D E o = F A  I A l ~ i e  ( I  . + C O T  TI i ) /CF-  
I T H t  T = T H U t G -  
I T t i ~ 3 = (  I T t I t T / l ~ ) * l d -  
I = ( I l ' i i L O / l U ) + l -  
T i i L O ;  I T I I L O -  
T A V E = T ~ - ; M P ( I ) + ( ( T I Y L ) & G - I I I L C I ) / ~ . I .  ) " (  i::i*it-t 1 r 1  ) - l _ i ~ ! P ( i )  ) -  
5 4 5  A i4EA:AREAf  TAVt+At-?E;\P- 
543 S L J I Y A Q = S U M ~ , ~ ~ + A ~ ~ A -  
I T t i t . T O =  T H E T O -  
I = I T H E T 0 / 1 0 + 1 -  
5 35 T A N T  ( I ) =SUM/\I</L)trN3;4- 
03 THROilGti(:~f~3rl=IrlrI~LLml)- 
D E L T c M =  T A L L 3  t  1  ) - T b N 7 0  - 
P~aVio i :U( .A . j :~ . l_ ) tL~ f -M. . , i  .A; ) .  1. I F . - I ~ ( = ) . ~ ) .  / 7 . i / i i ' / f 7 / ' / I -  
T t Y P (  I ) = r k : M V (  I ) + D E L T L M -  
TJELr  ( i 8 I 1  t:H) =L':<LT!::4- 
Tt:vlPJti ( I 9 I T L M  = i ' k ~ d i 2  ( 1  ) - 
P k d V  I DED ( I I.-:> 1 ) * 1 g</\Nbt 7-k (OW1 A ) - 
Ci);.lT 1 Ndi- 
( t 5 e d 9 S X 1 F 5 .  1 + ' > A *  ( F  I *  1  q t -3 .1  * ! JX)  ) -  
i)UTtil iC)UGri(!59.)) * 1  = 1  * 1 9 1 e L e Z C -  
T t i "T . ' k=10* (  1 - 1  ) -  
$ H I  T Z ~ U T P U T I L Y & ~ *  ( T H E T A  * T A L S O (  I ) 9 ( u E L T (  I I J )  9TtXF'W ( 1 ,  J )  9 J 
= l r l r J . L t . I r E K M X ) ) -  
CON T  1  N i l E -  
CALLL>Ul3HOUT 1 N k  ( ) = t N D J i ) l ~ e  ( 1- 
ENS3Pi<C)GRAF? ( S A  ) - 
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